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Introduction
Chemical actinometers are widely used in different application fields to determine the photon flux entering a reactive medium; the knowledge of this latter being of prime importance to study any photochemical reactors [1, 2] . They involve a wavelength-dependent photoreaction characterized by a known quantum yield in a given spectral range [2] . For the visible domain, the Reinecke's salt is the popular actinometer, involving the following chemical equation: 
The use of the Reinecke's salt presents however some drawbacks: (i) the experiments should be performed in a dark room, (ii) the reaction medium is sensitive to the temperature and (iii) toxic reactant is used (perchloric acid). Consequently, alternative actinometers for the visible light have been proposed to determine the incident photon flux in the visible spectrum, mostly with irradiated volumes in the range of milliliter [3] [4] [5] [6] [7] . Unfortunately, these latter actinometers are either not commercially available (i. e. synthetically obtained), or expensive. Therefore, the Reinecke's salt remains an affordable actinometer, in particular for an implementation at pilot-or industrial -scale photoreactors.
The associated quantum yield is relatively stable (ϕ = 0.29 ± 0.02) in the range of 400-700 nm when the pH of the solution is between 3 and 5 [2] . Wegner and Adamson pioneered the experimental protocol of the Reinecke's salt as an actinometer [8] , which was later revised by Cornet et al. [9] . This lab protocol is based on the use of the perchloric acid at a concentration moderately high (0.5 mol.L −1 ). Nevertheless, this acid is nowadays classified as a highly toxic chemical product [10] as various studies have pointed out the impact of perchlorate ions − ClO 4 on animal and human metabolisms and on the environment [11, 12] . Moreover, during the aging of the perchloric acid, − ClO 4 decomposes into Cl O 2 7 (dichlorine heptoxide) which is a precursor of an explosive mixture (ClO 2 (chlorine dioxide) and O 2 (dioxygen)) [13, 14] .
The present research note aims at proposing a revised experimental protocol to implement the actinometry method with the Reinecke's salt. For that, perchloric acid will be substituted by nitric acid, the latter being carefully chosen according to a study of chemical equilibria occurring in the aqueous medium. This substitution will be rigorously validated by carrying out experiments in a dedicated torus batch photoreactor enabling simple treatment of experimental results from onedimensional models [15] (2) Therefore, in some conditions more than one − NCS ion ligand could be substituted by molecules of water, and thus inducing a bias in the determination of the consumed molar quantity of the Reinecke's salt during a given irradiation time and an overestimation of the amount of − NCS produced. To limit this second reaction, Rochatte et al. [16] recommended to work at low conversions χ, namely below a maximal value, noted χ max , equal to 30%.
The molar quantity of thiocyanate ions produced during the photoreaction (Eq. (1)) is classically evaluated by spectrophotometry. Iron (III) thiocyanate complexes can be formed when the − NCS ions are in the presence of Fe 3+ ions [18] . These complexes are known to absorb intensively in the visible spectral domain of light [19] .
Monitoring of the absorbance of the iron (III) thiocyanate complexes
All the values of formation constants for the iron complexes for the jth equilibrium are given at 25°C and noted K f,j i , where i refers to the ligand.
In the aqueous medium for the spectrophotometric analysis, Fe 3+ ions should be in excess against − NCS ions [20] : 
When + C Fe 3 ≥ 10 × − C NCS , the equilibrium exposed in Eq. (3) is preponderant when compared to the one in Eq. (4). In this case, the reaction of interest during the spectrophotometric analysis is the one described by Eq. 
Where, l (m) is the width of the glass cell for the spectrophotometry, A 450 (-) is the absorbance of the solution measured at 450 nm, θ (-) the dilution factor applied for the sample and ε C (L. mol −1 . cm −1 ) the decadic molar absorption coefficient of + [Fe(NCS)] 2 measured at 450 nm, 25°C and at the dilution rate θ.
Various iron (III) hydroxide complexes (Eqs. (6)- (8)) could be formed depending on the value of the pH [21] : 
Furthermore, in an acidic medium, the most likely iron (III) hydroxide complex to be formed is 2 in the medium at the equilibrium. As a consequence, the monitoring of the acidity becomes essential in order to correctly drive the selectivity of formation of hydroxide complexes [22] . In order to limit the formation of + [Fe(OH)] 2 , a mineral acid must be added to the ferric solution, which consists in dissolving the iron (III) nitrate nonahydrate Fe(NO 3 ) 3 
.9H 2 O in water.
Several options of mineral acids can be proposed in analytical chemistry such as hydrochloric acid, sulfuric acid or nitric acid, knowing that the original protocol of Wegner and Adamson used perchloric acid [3] .
Using independently the four acids previously mentioned involves the complexation reactions described below [20] . In addition, when the condition of a large excess of Fe 3+ is not fulfilled, the use of HCl should be avoided since K f,1
Cl > K f,2 NCS . And taking into account the toxicity of perchloric acid and perchlorate ion, the nitric acid is therefore the most suitable acid that can be selected to prepare the ferric solution.
Experimental protocol
In the following experiments, the Reinecke's salt was purchased from Sigma Aldrich (CAS: 13573-17-6; lot: MKB54395 V (100 g); purity: ≥ 93.0%; 336.43 g.mol −1 ). The procedure proposed by Cornet et al. [9] was carried out in this study. The first step consisted in permuting NH 4 + by K + ions. Hence, the Reinecke's salt was solubilized at 20°C in a solution of potassium hydroxide such as the initial concentration of the potassium hydroxide and of the Reinecke's salt were fixed respectively at 0.1 mol.L −1 and at 0.015 mol.L -1 for all the experiments. The obtained pH after mixing was approximately equal to 13 which made possible the ammoniac stripping by mechanical agitation (pKa[NH 3 /NH 4 + ] = 9.2). Then, a solution of concentrated sulfuric acid (98%) was added gently in order to reduce the pH between 4 and 5. Note that the whole procedure was carried out in a dark room.
The spectrophotometric measurements were also inspired from Cornet et al. [9] . Absorption spectra were measured by a Shimadzu UV-160A and the samples were analyzed in plastic cells of 10 mm at room temperature of 25°C in the dark. By means of the revised procedure, the ferric solution was composed of 0.1 mol.L −1 of iron (III) nitrate nonahydrate Fe(NO 3 ) 3 .9H 2 O and 0.5 mol.L −1 of nitric acid HNO 3 (63% weight fraction). At last, the solution from the reaction medium (or the reference solution) for the spectrometric analysis was prepared as following: to 0.5 mL of an irradiated solution (or 0.5 mL of a non-irradiated solution), was added successively, in this order, 1.5 mL of the ferric solution and 10 mL of deionized water.
Note that the reference solution should be kept during all the experiment time in the dark so as to prepare the blank at each measurement, as the Reinecke's salt could react slowly with water according to irradiation time τ, enables to monitor the kinetic of the photoreaction. The absorption of the actinometer covers a wide range in the visible spectrum of light, with a maximum at 525 nm. It is important to note that the absorption of the by-product, [Cr(NH 3 ) 2 (NCS) 3 (H 2 O)], is of the same order of magnitude than the one of the actinometer, thus implying that its absorption should be taken account in the modelling [16] . Furthermore, as described by Szychlinski et al. [17] , under acidic condition, the by-product could react with water according to Eq. were negligible at 450 nm. According to [16] , the molar absorption coefficient at 450 nm of the Reinecke's salt and of the by-product were equal to 30.4 L.mol −1 . cm -1 and to 29.5 L.mol −1 . cm −1 , respectively. Then, considering (a) the maximal conversion (χ = χ max = 30%), (b) an initial concentration of the Reinecke's salt equal to 0.015 mol.L −1 and (c) a dilution factor θ of 24, the absorbance of iron (III) complexes, of the Reinecke's salt and of the by-product were respectively equal to 0.638, 0.013 and 0.006 at 450 nm (for an optical length of 10 mm). , the conditions to form predominantly the iron (III) thiocyanate complex were fulfilled.
Validation of the revised experimental protocol
To validate this revised protocol, specific experiments were carried out in a benchmark batch flat torus photoreactor which offered the advantage to be perfectly characterized [15, 16] . This photoreactor was irradiated by a quasi-collimated blue light LED panel (λ =457 nm) of a 12.5 × 12.5 cm 2 surface (the emission spectrum of this LED panel is reported in Rochatte et al. [16] ). Furthermore, due to its specific design, the photoreactor could be described according to a one-dimensional Cartesian geometry enabling thus to define rigorously the specific surface of illumination as the inverse of the optical path δ (a light =40 m −1 with δ =0.025 m). The dark volume fraction was also determined and equal to 0.103 (which corresponds to the part of the volume not directly irradiated at the boundary, enabling then to easily correct the actual specific illuminated surface in case of conserved geometry). In addition, the reactor could be assumed as perfectly stirred [10] .
The experimental concentration of − NCS obtained using perchloric acid for the preparation of the ferric solution was compared with those where nitric acid was replaced by perchloric acid. The spectrophotometric analysis was conducted by regularly taking samples (at every 180 s for low photon flux density, 120 or 90 s for higher densities). Fig. 1 illustrates this comparison for different conditions of emitted photon fluxes. A good agreement was obtained whatever the acid used for each emission light. It showed that the use of the nitric acid permitted to calculate similar conversions in − NCS when the perchloric acid was used and for all the light emission modes.
To validate completely the new experimental protocol, the next step consisted in determining the received photon flux densities q 0 from the experimental results (Fig. 1) , whatever the acid used. For that, a simple mathematical model was elaborated based on the coupling of the mass balance with the photon transport equation (Eq. (14) ).
Considering that (a) the reactor behaved as a perfectly mixed reactor (i. e. the concentration is uniform in the entire volume), (b) the light was monochromatic, emitted perpendicularly to the flow direction as a mono-directional and collimated light source, uniformly distributed along the reactor walls, and (c) the optical surface of the reactor was flat and non-reflective, Rochatte et al. [16] demonstrated that the analytical expression of the production of − NCS during the irradiation time, noted τ (s), was given by
Where q 0 (mol. m product are reported in [10] . Eq. (15) allowed to calculate a mean value of the absorption coefficient by taking into account the emission spectrum of the light source. This method of calculation was verified to be well adapted for the batch flat torus photoreactor irradiated by the blue light LED panel [16] . Note that the flat torus photoreactor was built in such manner that the assumptions underlying the establishment of Eq. (14) were fulfilled.
The resolution of the latter equations was done using the software Matlab®. The identification of q 0 in Eq. (14) was made by minimizing the difference between the variations of the thiocyanate ion concentrations with the irradiation time predicted by Eq. (14) and the experimental ones.
From the modelling (Eq. (14)), the incident photon flux density q 0 related to each experimental protocol could be calculated (see Table 1 ). Both experimental protocols then led to almost similar incident photon flux densities where the maximal relative standard deviation was equal to 5%.
At last, the incident photon flux density was also determined via a physical method using a LI-COR® quantum sensor (LI-190Sa) connected to a LI-189 display (see Table 1 ). The latter measured the flux densities in the Photosynthetically Active Radiation domain ([400 nm; 700 nm]) directly in μmol.m −2 .s -1 and was calibrated at the factory with an uncertainty of 5%. The region of interest (i.e. the area where the liquid circulated into the reactor) was fractioned into 16 surfaces of measurement (which represented 15% of the total illuminated surface). Taking into account the deviation between these measurement points, and the latter uncertainty, the relative standard deviation on the values of q 0 from LI-COR® was estimated to 15%. Table 1 shows that these values were consistent with those obtained with the actinometry methods.
Conclusion
In this short note, the classical experimental protocol to determine the incident photon flux density by actinometry with the Reinecke'salt was revised. As the use of the acid perchloric could cause serious damages to the environment and injuries to experimenters, the proposed method consisted in substituting the perchloric acid by a less hazardous a thermal pathway [17] . The applied dilution factor θ and the final pH were then equal to 24 and 1.2 for all the samples, respectively. Under this dilution, at 450 nm, ε C was determined and found equal to 3400 ( ± 100) L. mol −1 .cm −1 , which is the same value as already reported in [4] . Finally, the concentration of NCS − was determined by using Eq. (5) .
The dilution factor fixed at 24 was chosen so as to allow measuring absorbances with cells having an optical path of 10 mm in the detection acid. The choice of the acid resulted from a study of the chemical equilibria and at last, the acid nitric was selected. Finally, the new protocol was rigorously validated in a benchmark batch photoreactor.
In the future, a way to improve the proposed protocol would be to use cells with 1 mm of optical pathlength for the measurement of absorbance making possible the decrease of the dilution factor and, consequently, the increase of the occurrence of the formation of iron (III) thiocyanate complexes. Fig. 1 . Photography of the flat torus photoreactor and variation of the concentration in NCS − as a function of the irradiation time, depending whether perchloric acid or nitric acid was used (see [16] for more details about the design of the flat torus reactor with the blue LED).
Table 1
Incident photon flux densities q 0 related each experimental protocol resulting from the modelling (Eq. (14), with a relative standard deviation estimated to 5%) and measured by a LI-COR® quantum sensor (a relative standard deviation estimated to 15%). Level 
